is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. tensile stress at the centre of a 2D anisotropic elastic specimen as a simple function of the loading. To validate the protocol, the Brazilian test was carried out on 29 cortical bovine cylindrical specimens with diameters ranging from 10 mm to 4 mm.
For a proper analysis of cortical bone behaviour, it is essential to take into account both the elastic stiness and the failure criteria. While ultrasound methods allow complete identication of the elastic orthotropic coecients, tests used to characterise the various failure mechanisms and to identify the brittle tensile strength in all directions are currently inadequate. In the present work we propose the Brazilian test as a complement to conventional tensile tests. In fact, this experimental technique, rarely employed in the biomechanics eld, has the potential to provide an accurate description of the anisotropic strength of cortical bone. Additionally, it allows to assess the scale inuence on failure behaviour which may be attributed to an intrinsic length in correlation with the cortical bone microstructure. In order to correctly set up the Brazilian test, several aspects such as the machining, the geometrical parameters of the specimen and the loading conditions were determined. The nite element method was used to evaluate the maximal Bone presents a hierarchical structure (Currey, 2001 ) (Rho et al., 1998) 3 (Vashishth, 2007) which is organised in dierent levels as follows: i) the 4 macrostructure: cancellous and cortical bone, ii) the mesostructure (from 10 5 to 500 µm): haversian system, osteons, trabeculae and iii) the microstructure 6 (1-10 µm): the lamellae and the osteocytes iv) the nanostructure (from a few 7 hundred nanometers to 1 µm): brillar collagen and embedded mineral v) the 8 sub-nanostructure (below a few hundred nanometers): collagen, molecules 9 and proteins. 10 The complex structure of the bone has been the object of many studies 11 during the last decades in order to decipher the inuence of each level on both 12 the mechanical and failure behaviour (Currey, 2001) . At the nanoscale, the it is shown in Fig. 1 four-point bending tests the total length of the specimen should be about 97 sixteen times the thickness of the specimen to guarantee that 85-90 % of 98 the bone exion is actually due to bending. Unfortunately, this length-width 99 ratio cannot be acquired in whole bones such as femora or tibias.
100
For compression testing, relatively small specimens (7-10 mm long) can be 101 used and therefore machined along the three directions, but the measurement 102 tends to be less accurate than those for tensile tests because of edge eects. In 103 those regions in fact, the strain is likely to be higher than in the central region, Specimens were obtained from a bovine tibia sourced from a local butcher 167 and conserved at −18
• . Once the tibia was defrosted, the internal marrow 168 and spongy bone were removed and the bone was cleaned with water. The 169 three main local axes of the bone were chosen as follows ( Fig. 2) :
170
• the longitudinal axis x 1 corresponds to the main direction of the tibia;
171
• the circumferential axis x 2 coincides with the azimuthal direction;
172
• the radial axis x 3 is aligned with the outward radius of the bone's 173 section.
174
First, 25 bone cylinders were machined using diamond-tipped tubular those machined along the x 1 direction, more than one specimen was obtained.
181
Finally, 29 specimens were acquired. The length L of the samples was set to 182 6.5 mm, 5.2 mm, 3.9 mm and 2.6 mm respectively for φ = 10 mm, φ = 8 mm, 183 φ = 6 mm and φ = 4 mm (Fig. 3) . Such values provide a minimal average 184 ratio φ/L equal to 1.54. Before sectioning, the three main axes x 1 , x 2 and 185 x 3 were identied on each specimen which allows to classify the specimens 186 as follows: x i _F j , with x i and F j indicating the cutting axis and the loading 187 direction, respectively (Fig. 2) . During cutting, water was used in order to 188 reduce both friction and temperature rise. During a regular test, the crack was generally initiated at the centre of 203 the cylinder along the vertical axis (Fig. 5) . Nevertheless, abnormal split-204 ting might be observed due to i) shear stress (Fig. 6a) , ii) crushing issues 205 (Fig. 6b) 
Structural analysis of Brazilian test for anisotropic elastic behaviour 216
Through a structural analysis, we may be able to evaluate the maximal 217 tensile stress σ xx,max along the x direction at the centre of each specimen. 218 For isotropic materials, an analytical solution was proposed by Peltier (1954) 219 giving the tensile stress in the centre of the disc as follows 220 σ xx,max = 2F φLπ
where F is the applied load.
221
To account for the eect of a soft cushion between the specimen and the (Fig. 7) . Thus, Eq. 
Nonetheless, the previous relation is no longer valid for an anisotropic overview of anisotropy eects, the denition of the maximum tensile stresses 231 ( Fig. 2) is similar to that proposed in Eq.
[2], but the coecient of correction 232 is now expressed as a function of both the direction of the failure stress and 233 of the loading. Thus, we have:
where β ii−j is the correction factor and F j is the applied vertical load.
235
The subscripts ii and j indicate the principal stresses and loading direction, In the present study, the analysis was performed using the nite elements The problem was solved using the plane stress hypothesis. The displace-248 ment of the point A was constrained along the x direction while the point B
249
was totally constrained to prevent rigid body motion (Fig. 7) . Finally, the 
Sensitivity analysis 255
The correction factor β ii−j may change with respect to the elasticity co- In this section we present the numerical results and in particular we dis-262 cuss the stress eld inside the specimen. As it is possible to observe in Fig. 8a 
276
where θ is the angle between n and the x axis. Then, the normal (σ n ) and 277 the shear (τ ) stresses read 278 σ n = n tr σ n (6)
with n tr the transposition of n.
279
It is interesting to evaluate the evolution of σ n and τ for i) θ varying between 280 0
• and 180
• and ii) the axial coordinate x of the point of interest (x,y) varying 281 between ±0.73 mm from the centre of the disc (Fig. 9) . For θ = 0
• , we nd σ n = 55 MPa and no shear stress, while τ is maximal 283 (± 100 MPa) for θ = 45
• and 135
• . Finally, for θ = 90
• , σ n is equal to -147
284
MPa showing a compressive stress state (Fig. 9) . It can be noticed that for 285 all these stresses, the maximal values are found at the centre of the disc (blue 286 line in Fig. 8b, 8d, 9 ). For a brittle material, the failure plane is a useful 287 parameter to evaluate the cracking mechanism and the corresponding stress.
288
Here, failure is not activated at θ = 90
• nor at θ = 45
• . On the contrary, the 289 traction stress σ xx is assumed to be responsible for the failure each time the 290 crack occurs parallel to the loading axis.
291
The main objective of the numerical simulations was to evaluate the cor- to the sensitivity analysis that has been carried out, the results for the four 310 loading cases are reported in Table 2 .
x 2 _F 3 β 11−3 = 1.044 ± 3.5% -- 
Experimental data 312
The experimental tests were exploited to assess the failure force as well 313 as the crack direction, which must be vertical, and shape, which must be 314 sharp-cut. Furthermore, by using the correction coecients β ii−j derived 315 from the numerical analysis (Table 2) , the values of the tensile failure stress 316 were determined depending on the specimen diameter φ for each direction of As the traction stress σ xx is not homogeneous within the sample (Fig. 8d) , 331 it may be of interest to identify a failure region for each specimen diameter 332 rather than simply determining the relationship between the failure stress and 333 the sample dimensions. Thus, a rectangular area S f ailure of height h f ailure
334
and width e f ailure can be dened for each diameter φ such that 0.9 σ xx,max < 335 σ xx < σ xx,max . We notice that the dimensions and consequently the area of 336 the failure region decrease with the specimen diameter (Table 3) .
337
Specimen diameter φ (mm) 4 6 8 10
Failure region height h f ailure (mm) 1.5 2.2 2.9 3.7
Failure region width e f ailure (mm) 0.8 1.2 1.6 2 Failure region area S f ailure = h · e (mm 2 ) 1.2 2.64 4.64 7.4 on β ii−j due to the variation of the elastic parameters are not higher than 5 362 %, which is quite low. Therefore, the coecients can be directly used or, for 363 better accuracy, recalculated after verication of the rigidity by, for example, 364 an ultrasonic method.
365
The Brazilian test also allowed us to assess the scale inuence on failure 366 mechanism. The areas of the failure regions for the dierent specimens re-367 ported in Table 3 are very small for a tensile test on a brittle material, which 368 results in failure stresses for specimens with a diameter of 4 mm higher than 369 those for larger samples (Fig. 10) 
